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Abstract

Single photons are vital to quantum computing, information processing, and transportation. Popular single-photon experiments are one or two-photon interference, classification of the light source, and characterization of detectors. Currently, the most efficient
detector in the telecom wavelength is the Superconducting Nanowire detector. However, experiments have been successful in demonstrating single-photon measurements
can be done with unconventional detectors. One such method employed an EMCCD
camera to observe spatial correlations between pixels with single photons.
This thesis aims to test non-single photon-counting PIN photodetectors to observe
time-correlation measurement. The improved detection model uses a high-resolution
2GHz oscilloscope and a cross-correlation algorithm. Results were compared with coincidence measurements using an SNSPD and TAC module. Previous PIN-related singlephoton experiments mainly used PIN avalanche detectors. We aim to accomplish the
same task with Thorlabs PDA-CF 10 amplified detectors.
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Chapter 1
Introduction
1.1

Introduction

Quantum computers aim to revolutionize the next age of information and computing.
It is currently one of the fastest-growing fields in both academia and industry. They can
help us overcome the physical limitations of classical computing.Particularly, quantum
computers can perform certain tasks more efficiently with entanglement and superposition [3]. It is shown that quantum algorithms can factor large numbers that are difficult
for classical computers, impacting secure communication over the internet. Most encryption today uses the Rivest, Shamir, and Adleman (RSA) algorithm which relies on
the computational difficulty of factoring large numbers. This is a tremendously difficult task for a classical computer, but a quantum computer can break this encryption
with Shor’s algorithm [4]. With Quantum Key Distribution (QKD) we can propose
a solution to the same security concern. Here, two parties send and decrypt information through a shared encryption key with high security [5]. A system’s state can be
transmitted between two parties if the shared states are entangled [3]. Such states are
generally created with photons, ions, and individual atoms. In quantum computing, all
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quantum information is computed, processed, and communicated with quantum bits
(Qubits). Lately, photons have been of interest due to the ability to make low-noise
measurements in qubit-based systems [6]. Light-based quantum information employs
either single and or entangled photons [7]. A single photon is an elementary particle
and an entangled photon shares physical properties with its pair photon. These exhibit
"correlations" in polarization, momentum [8] and time-energy [9]. In the 1950s, Brown
and Twiss conducted the first photon correlation measurement with thermal light and
photomultiplier tubes [7]. The first entangled photon experiment was conducted in 1972
by Freedman & Clauser. They measured polarization correlations in an atomic calcium
cascade [10]. In 1973 the same two experimentalists showed coincidence measurements
between four photomultiplier tubes [10]. Grangier, Roger, and Aspect (1985) showed
the first single-photon anti-correlation with a cascaded atomic system as a light source
and detection using a beamsplitter[11]. With the production of single photons, we can
perform critical optical tests of quantum mechanics and demonstrate their usefulness
in quantum computing.

1.2

Quantum Correlations

A quantum correlation is a measurement of a system that lacks a classical analogy.
Two popular quantum correlation measurements in optics focus on spatial and time
correlations. While spatial correlations describe the structural properties of a system,
time correlations convey dynamical information [12]. A correlation in space can show
if two correlated systems originate from the same place and temporal correlations help
to uncover whether they were created simultaneously. One key fact about a quantum
correlation is that it lacks a classical analogy. This thesis will focus on non-classical
time correlations in a single photon system.

Chapter 1. Introduction
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1.2.1

Single-photons for correlation measurements

In an attempt to comment on the elementary quanta proposed by Max Planck, Albert
Einstein proved that for shorter wavelengths and low densities, light is quantized [13].
The ability to produce single photons lets us perform the optical test of quantum
theory that is applicable in information and communication. Experiments with single
photons grant us the predictive power to extract information about one photon from its
correlated pair. This particular type of single-photon source is known as the heralded
source. These are widely used to perform quantum information-related experiments on
photonic circuits [14]. Typically detecting one photon of the pair confirms the existence
of the second photon. Producing single photons is challenging due to the experimental
difficulties in working with low optical fields. Therefore, an ideal correlation experiment
relies on bright photon sources and sensitive detectors. Single photons experiments are
also conducted to determine the quantum efficiency of detectors, classify good sources
of non-classical light, photon statistics, interference, and much more.

1.3

Single-photon sources

Today, single photons are produced to match practical necessities. First is the type of
experiment: bulk optics- tabletop method is appropriate for fundamental experiments,
while on-chip methods are better for demonstrating indistinguishability [15] and scalability [16]. The second criteria would be the “brightness” of the source, which is the
maximum number of single photons produced by a source to outmode experimental loss.
Below is a list of single-photon sources divided into Parametric sources and On-demand
sources.
1. SPDC is a second-order non-linear optical process where a higher energy photon
interacts with material with a non-linear response, resulting in two lower-energy
Chapter 1. Introduction

3

1.3. Single-photon sources
photons typically known as “signal” and “idler”. These photons adhere to the
conservation of energy and momentum. Although SPDC is an inefficient process,
it has a high pair production rate (2MHz) and is excellent at creating entangled
photons with 95% fidelity [17]. Also, depending on which type of SPDC (discussed
in Chapter 2), efficiency will vary.
2. Four-wave mixing (FWM)
FWM is a third-order non-linear process in which three input beams interact
with material with a third-order response and create an output beam. Much like
SPDC, this process conserves energy and momentum. FWM is easily applied on
waveguides and has a pair generation rate at 0.855MHz, and entanglement fidelity
of 99.7% [17]. Currently, a large number of photonic chips are produced with
silicon. The centrosymmetric structure of silicon prohibits second-order response
[18]. Both SPDC and FWM are well-established parametric processes.
3. Atom-like On-demand sources
Quantum dots- These are a few nanometer-scale semiconductor materials that,
upon excitation, emit discrete energy spectra and can exhibit quantum behavior.
Single-photon emission has been demonstrated in the near-infrared range [19] and
telecom [20] . Apart from being a practical on-demand alternative, the excitation
property of quantum dots has a wide variety of applications in single-molecule
spectroscopy [21], nanotechnology/medicine [22].
4. Others
Other on-demand sources include; trapped ions with Rb atoms that exhibit intensity correlations with anti-bunching [23] and electrically pumped Diamond
nitrogen-vacancy centers shown to emit single photons at room or higher temperatures [24].
Chapter 1. Introduction
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Figure 1.1: Photon Statistics

1.4

Measurements

Single-photon measurements are used to classify light states with photon statistics and
through correlation functions. Confirming the statistical properties of a photon source
is crucial to determine if such source is genuinely non-classical.
1. Photon Statistics
Suppose there is a stream of single photons incident on an ideal detector. Given
that detectors "click" each time it absorbs photons and produces an electrical
pulse, we can use the recorded time difference between each "click" to reveal
statistics of these single photons. These statistics are categorized into three sections: Bunched, Anti-bunched, and random depicted in figure 1.1. If photons
from a single source are sent to two detectors via an interferometric method, they
arrive at the detectors together, i.e. "bunched".This phenomenon was demonstrated with thermal light in 1956 [25], and the quantum analog was theorized in
1963 [brown]. The antibunching photons have longer arrival times between the
pairs [26], and random photons arrive at irregular times [3]. .
2. Correlation Measurements
The class of measurements done to quantify the statistical properties of the above
light sources are called correlation measurements. The two main correlation measurements are the first order; amplitude-amplitude correlation and, second-order;
Intensity-intensity correlation. This type of experiment uses interferometry to
Chapter 1. Introduction
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split a light source and measure photon detection events with an introduced timedelay τ .
(a) First Order: Electrical field E(t)

g 1 (τ ) =

⟨E ∗ (t)E(t + τ )⟩
⟨E ∗ (t)E(t)⟩

(1.4.1)

t = 0 leads to the Lorentzian spectrum which is present in both chaotic
and coherent states of light [27]
(b)
i. Second-Order
Retrieves information about a source’s coherence and determines whether
the photons are a product of quantum phenomena. The Hanbury Brown
and Twiss interferometry experiment conducted in 1956 done with intensity
fluctuations is related to the coherence of source, which implies that intensity
fluctuations are also correlated [26]. Since photo-current is proportional to
the intensity of the optical field, we can utilize photo-detection methods to
test for intensity correlations..
i. Intensity correlation:

g 2 (τ ) =

⟨E ∗ (t)E(t + τ )⟩
⟨E ∗ (t)E(t)⟩

(1.4.2)

⟨I(t)I(t + τ )⟩
⟨I(t)⟩2

(1.4.3)

⟨I1 (t)I2 (t + τ )⟩
⟨I1 (t)I2 (t)⟩

(1.4.4)

ii. In terms of photo-current

g 2 (τ ) =

iii. For two detectors
g 2 (τ ) =
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1.5

Single-photon Detectors (SPD)

A single-photon detector produces an electrical pulse after absorbing a photon. An
ideal SPD detector should have high quantum efficiency, low dark count, low jitter, and
short dead time. There is an increased interest in near-infrared (NIR) detectors that can
perform photon number resolving (PNR). PNR detectors are used to generate photon
statistics, to classify whether an event is a single-photon emission [20]or n-photons [28].
Detector parameters are discussed in detail in chapter 3. Below is a short introduction
to widely used single-photon detectors.
1. Photomultiplier Tubes (PMT)
PMTs are the first detectors capable of single-photon counting that utilize the
photoelectric effect [29]. They are made of a vacuum tube and a photo-cathode.
Here, upon excitation, the photo-cathode photons produce photoelectrons. Then
they get multiplied by a series of dynodes. An anode collects the multiplied
photoelectrons and produces a readable current as output.
2. Single-photon Avalanche Detectors (SPAD)
SPADs are solid-state devices that employ a reverse-biased PIN junction. The absorption of a photon momentarily breaks the junction, triggering a detection[30].
One main advantage of SPAD is the high internal gain and amplification [29].
After detecting a photon, the device will eventually recover and will be ready for
another detection. This process is generally known as the Geiger mode
3. Superconducting Nanowire Single-photon Detectors (SNSPD)
SNSPDs are the highest efficiency detectors (> 90%) [31] in the telecom wavelength (1300-1550nm) with low noise detection and PNR capabilities [32]. They
are made of nanowires biased below a critical current which is housed in a cryostat. A resistive region (“hotspot”) is created when an incident photon gets abChapter 1. Introduction
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sorbed—this resistivity momentarily breaks the threshold current and produces
a voltage pulse that can be read out.
4. Transition-Edge Sensors (TES)
These are made of superconducting films and kept at transition temperatures [33].
A photon absorption event will cause a temperature change in the film resulting
in photocurrent. Much like SNSPDs, these also operate in cryogenic conditions.

1.6

SPD Outlook and Challenges

Above detectors offer high quantum efficiency, low noise, and fast dead/recovery times.
Many of these detectors are suitable for both parametric and on-demand sources. In
simple terms, they are highly efficient in detecting single photons under "ideal" conditions. Both SNSPD and TES need to be placed in a cryostat with 1-3k temperatures.
The need for the cryogenic operation also contributes to difficulties, especially in fabrication and maintenance.
These detectors need to be cooled with liquid Helium to achieve low Kelvin temperatures. The cooling components are intrinsically challenging to scale, which limits
the desired applications. Currently, all SNSPD communication efforts are ground-based
[34]. If we aim to implement QKD for space applications, the cooling devices must be
scaled. With TES, the recovery time is on the microsecond scale, reducing efficiency
and count rate [35]. Therefore to fully extend quantum technologies into the telecom
region, scalability issues need to be resolved.
Fortunately, several experiments have shown that non-cooled, low-cost detectors
can be used to make quantum measurements. one method is employing either chargecoupled (CCD) or electron-multiplying (EMCCD) cameras, which will be discussed
in chapter Chapter 3. This thesis will utilize non-cryogenic, high quantum efficiency,
Chapter 1. Introduction
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non-single photon PIN detectors to perform a quantum correlation measurement with
SPDC generated single-photon pairs. We aim to develop a detection model to replicate
the same measurement in on-chip PIN detectors. Mainly these are CMOS compatible
which resolves the issues regarding scalability. Research has shown that on-chip optical
communication can be achieved with improved fabrication [36]. This work will conduct
preliminary research for the on-chip application through classical PIN detectors.

Chapter 1. Introduction
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Chapter 2
Second-Order Non-linear Processes
2.1

Second-Order Non-linear Processes

Bright sources of photons are imperative to any single-photon experiment or application
[17]. A good photon source should produce a large number of photon pairs relative to the
input field. Spontaneous parametric down-conversion (SPDC) is a well-researched nonlinear process of producing single photons. This method generates two down-converted
photons from an incident photon. These photon pairs, otherwise known and “signal”
and “idler’ are useful in quantum information, computing, imaging applications, and
entanglement-based experiments [37].

2.1.1

Non-linear response

An intense optical field can modify the properties of the material it interacts with [38].
It particularly has a measurable effect on the material’s polarization, which depends on
the strength of the applied electrical field. The interactions can be linear or non-linear

Chapter 2. Second-Order Non-linear Processes
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due to material inversion symmetry. The linear response can be expressed as:

P (t) = ε0 χ1 E(t)

(2.1.1)

χ is the non-linear susceptibility and ε0 is permittivity of free space. The response is
expanded as a power series below in noncentrosymmetric media.

P (t) = ε0 [χ1 E(t) + χ2 E 2 (t) + χ3 E(3 t)]

(2.1.2)

Examples of second-order processes are second-harmonic generation (SHG), sum and
difference frequency generation (SFG, DFG), parametric amplification and oscillation
(OPA, OPO). Third-order processes include third harmonic generation (THG), Kerr
effect, and soliton generation. In SHG, an incident light beam interacts with material
with non-zero second-order linearity and produces a beam that oscillates with twice the
frequency of the input beam. One application of SHG is non-linear optical microscopy
to study automated collagen characterization of liver tissue to study fibrosis [39]. This
thesis will focus on SPDC, which is a type of non-linear parametric process.

2.2

Spontaneous Parametric Down Conversion (SPDC)

SPDC is widely used to produce single photons. Here a higher energy input photon from
a coherent source, ideally a laser, interacts with non-linear material and produces two
“signal” and “idler” photons with lower energy. These photons can exhibit polarization,
time, energy, and momentum correlations. The efficiency of this process is maximized
with phase matching and energy and momentum conservation. As mentioned in chapter
1, SPDC leads to a high pair production rate and helps create correlated photon pairs.
SPDC falls under two types below depending on the polarization of down-converted
Chapter 2. Second-Order Non-linear Processes
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Figure 2.1: Type I SPDC: Signalωs and Idler ωi has same polarization with respect to
the pump ωp .NLC:non-linear crystal

Figure 2.2: Type II SPDC. Signalωs and Idler ωi has orthogonal polarization with
respect to the pump ωp .NLC:non-linear crystal
pairs.
1. Type I
The signal and idler consist of identical polarization but orthogonal to the input
beam (pump)[3]. The pairs propagate on the opposite sides of a concentric cone
as in figure (2.1).
2. Type II
The signal and idler have orthogonal polarization compared to the pump, resulting
in two concentric cones. Photon pairs travel opposite sides of the cones as in
figure(2.2).

Chapter 2. Second-Order Non-linear Processes
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2.2.1

Phase-matching

The phase-matching condition depends on momentum conservation. The two possible
phase-matching diagrams below depend on which direction photon pairs propagate
with respect to the pump photons. If the pairs travel in the same direction as the
pump photons, it is known as collinear phase matching, and if pairs travel in different
directions, it is non-collinear phase matching as in figure 2.3 and 2.4.
1. Equations for phase matching vector and scalar representation. kp , ks , ki are momentum vectors of pump, signal and idler .ωp , ωs , ωi are frequencies of the three
waves and np , ns , ni are refractive indices. C is the speed of light.

kp = ks + ki

(2.2.3)

np ωp
ns ωs ni ωi
=
+
c
c
c

(2.2.4)

2. Conservation conditions in non-dispersive lossless media.

ωp = ωs + ωi

(2.2.5)

3. Non-linear material needs to be non-dispersive to satisfy np = ns = ni to match
the vector representation equation.
The three waves can travel with different velocities in dispersive material, making
phase-matching difficult. We can choose a material with differing refractive indices
according to the polarization of material, i.e., birefringence. In type I, both signal and
idler have extraordinary polarization. We can adjust the crystal angle and match the
polarization of the three waves to optimize phase matching.
If a birefringent material is unavailable, we can utilize periodically polled materiChapter 2. Second-Order Non-linear Processes
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Figure 2.3: Phase-matching conditions- Vector diagram

Figure 2.4: Phase-matching conditions- Energy diagram
als.These are fabricated to invert the sign of χ as the pairs propagate. Periodic-polling
adds a phase shift of π over every coherence length [40], which prevents the power from
flowing back to the pump from the signal and idler.
SPDC can be done with both birefringent and periodically polled materials and has a variety of applications in single-photon generation in telecom wavelengths. Experiments
have been conducted to show two-photon interference, also known as the Hong-OuMandel effect, to measure picosecond time intervals between two photons [41]. Moreover, experiments have been carried to show the position and momentum entanglement
[42]. Others have proposed to facilitate long-distance quantum communication [43]
With SPDC, one fundamental measurement is examining time correlations between
the photon pairs. These are crucial to describe the dynamic aspects of the system as
a function of time. The pair generation rate, detector time uncertainty, and intrinsic
time correlations [44] are some of the valuable time-correlated information. The HBT
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correlation measurement discussed in chapter 1 is a temporal correlation known as "coincidence" detection. Time-resolved information is critical in quantum communication,
information processing, and cryptography [45].
Cryogenic-based detectors can efficiently perform coincidence measurements, but
they are hard to maintain or scale, as described in chapter 1. Spatial correlation has
been measured with CCD and EMMCD cameras [46] along with temporal correspondences [47][48]. Therefore investigating other detectors for time-correlation measurements is a reasonable progression in this area of research.
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Chapter 3
Time-Correlated Single-photon
Counting
3.1

Time-Correlated Single-photon Counting (TCSPC)

In quantum technology, single-photon detectors are a significant area of interest [48].
Ideally, for telecom wavelengths where photon energy is 10−19 J [49], the detectors must
be low noise, sensitive, and capable of registering signals fast with short recovery times.
For any quantum-based networks, communication and information processing photons
should have low loss at the telecom C-band (1150nm)[50]. At this wavelength, Silicon
is transparent [51]and not suitable for telecommunication-based measurements but can
be used to make integrated devices.
Detectors with single-photon sensitivity are valuable in making time-resolved measurements. Time correlated measurements quantify two-photon interference by recording arrival time difference and producing a statistical average. they are used in fluorescence lifetime imaging [52], microscopy [53] and nuclear science [54].
A conventional Time-Correlated Single Counting TCSPC module consists of high
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efficient detectors, a time to amplitude converter (TAC), an analog to digital conversion
(ADC). The general features of TCSPC detectors are below.
1. Quantum Efficiency (QE)
Quantum efficiency is the probability of absorbing a photon and generating an
electrical signal. These signal are read out in the form of current or voltage.
Absorption efficiency is the detector’s internal capability to perform at a given
wavelength. Detection efficiency is the ratio of the rate of detected photons over
the rate of incident photons [49].
2. Dark Counts/Current Rate (DCR)
Dark counts are false detections caused by intrinsic and extrinsic properties of a
detector: material, electronic noise, shot noise, temperature changes, and room
light fluctuations. Dark counts must be subtracted from actual detection events
for accurate quantum efficiency.
3. Dead/Reset/Recovery time
Dead-time is the time between consecutive detections. During dead-time, the
detector does not register any detection events, and efficiency falls to zero. It is
due to intrinsic or extrinsic properties of a detection system [55]. It is known to
hinder the performance, and photon count rates of Geiger mode detectors [44].
Particularly APDs have longer dead times, contributing to their lower quantum
efficiency.
4. Timing Jitter
(a) Jitter is present in optical and electrical components: lasers, detectors, and
even processing equipment like oscilloscopes and TACs. Even in optical
fibers, jitter is present due to chromatic dispersion[56]. TCSPC is heavily
Chapter 3. Time-Correlated Single-photon Counting
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dependent on fast time resolution and sensitivity and timing jitter. Longer
jitter will affect detection efficiency..
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Type
PMT[59]
InGaAs SPAD [60][61]
TES [33][62]
SNSPD [63][64][65][66]

Detection efficiency
∼2
∼30-60
∼95
∼90-95

Dark Count Rate (DCR)
200 kcps
340 kcps
3 cps
mHz

Jitter
300 ps
70 ps
100 ns
3 ps

Dead Time
88 ns
-

Table 3.1: Detector performance metrics at 1550nm wavelength. Highest efficency
at 1550nm is the SNSPD and TES cryogenic based detectors. InGaAs detectors can
provides decent efficiency and suitable for various on-chip applications
(b) In SPAD systems, the main contribution of jitter is from the detector itself,
while in SNSPD system, jitter from other devices in the module (detector, laser, TCSPC, and synchronization) becomes non-negligible [57]. Since
SNSPDs are the most efficient detectors for telecom wavelengths, reducing
jitter from all components is imperative.
5. Photon number resolution(PNR)
PNR detectors allow us to detect multiphoton statistics accurately. Currently,
APDs cannot provide an accurate number of incident photons [58] since one or
more photons can trigger the avalanche event. So it cannot distinguish between
the two. PNRDs are used in correlation measurements, linear optical computing,
quantum cryptography, and many fluorescence studies [58]. Below is a table of
performance metrics of different detectors.
The above detectors are conventionally used in single-photon experiments. However, not
all of them are low-cost, easy to fabricate or maintain. SNSPDs are the most effective
detectors for telecom wavelength but are resource intensive depending on specifications.
The cooling requirements, specialized nanowires, supporting electronics can be costly.
Plus, they are hard to scale, and any on-chip detectors must be fabricated to perform
under cryogenic conditions. So, there is a need to explore and develop other types of
detectors and methods.
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One unconventional method uses single-photon sensitive cameras (SPC) and electron
charge multiplying cameras (EMCCDs) to measure pixel correlations. EMCCD cameras
can be easily used to detect spatial-time correlations at a single-photon level[67]. Spatial
correlations are measured by computing the correlation function for pixels [46]. Here a
pixel is analogous to a detector. One drawback of EMCCD is the inability to provide
accurate photon number resolution, but correlation information can be extracted. One
method is to limit one pair of photons per image. Then sums and averages many
samples to produce correlation information.
To ensure one photon per image, one can attenuate a laser [68], maximize sampling
rate, and shorten the exposure time. Experiments have been conducted to measure
joint probability distribution of down-converted photon pairs with EMCCD 105 ∼ 107
images acquired at a 1 − 5 ms exposure time[69], position-momentum correlation
measurements with SPC 107 images with 140s acquisition time [70] and entangled pairs
with 800 images [71]. Since imaging methods have successfully extracted correlation
information, it is important to explore other detectors and methods.

3.1.1

Experiment Proposal: Correlation measurement with PIN
Detectors

This work aims to propose a similar method of correlation measurement with PIN
detectors. These are low-cost, high quantum efficiency detectors that do not require
cryogenic components. We aim to produce a time-correlation measurement with a
high-resolution oscilloscope and a post-processing algorithm. The significant drawback
to this method is the inability to resolve photon numbers due to the lack of internal
amplification and desired optical signal residing at noise level. Nevertheless, since
quantum mechanics guarantees us correlations between two systems, the statistics of
these systems will undoubtedly convey that information. We can experimentally show
Chapter 3. Time-Correlated Single-photon Counting
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statistical correlations of photon pairs and extract a pair rate by applying a similar
detection methodology as the pixel method. More information about both the imaging
and PIN method is described below.

3.2

Correlation measurement with EMCCD camera

The motivation for this experiment is from photon-pair detection via an EMCCD
method to determine spatial correlations and characterize joint probability distributions [46] by Defienne et al. Below is a short description of the imaging method.

3.2.1

Spatial correlations using an EMCCD camera

The photon pairs were produced through a Beta-Barium-Borate (BBO) crystal with
a 403nm laser. The 803 ± 3nm pairs were then illuminated onto an EMCCD camera,
generating two images: a direct image and a correlated image. The direct image is
from output values from each pixel illuminated by photons, and the correlated image
is from auto-correlation, the direct image values averaged over many images [46]. The
detection process is described in stages with probability functions. These are,
1. Probability of pairs falling onto the screen during an exposure time
2. Probability of obtaining electrons at pixels
3. Probability of generating photoelectrons
The joint probability distribution is measured using both an SPC and EMCCD camera[46].
Accidental coincidence and actual coincidences are present in a given correlation measurement. However, since two photons from a correlated pair will not show up in both
images, a subtraction will lead to true coincidences [46]. If correlated values for pixels
i and j , ⟨xi , xj ⟩ is > 1, then pixels were correlated in position, and if < 1, then there
Chapter 3. Time-Correlated Single-photon Counting
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was no correlation. This experiment concluded that pixels in the image sensor were
anti-correlated. The EMCCD method by Diefinne et.al was successful in showing that
correlation measurements can with non-single photon counting devices.

3.3

Correlation measurements with PIN photodiodes

This thesis proposes an improved detection method to observe time correlations of single
photons generated by an SPDC setup. The first part of the experiment will measure
coincidences between 1550nm photon pairs using an optimized SNSPD in conjunction
with PicoHarp TAC. Here we aim to determine an exact single-photon and pair rate.
The second part will use InGaAs amplified PIN photodetectors, Agilent Infiniium 2GHz
oscilloscope, and a cross-correlation algorithm. These devices will replace the SNSPD
and TAC.
PIN photodiodes consist of an intrinsic region between the doped anode and cathode
regions depicted in figure below.

Figure 3.1: PIN photodiode operation. Intrinsic layer is placed between P and N type
regions. Light gets absorbed by the intrinsic region and electron-hole pairs gets created,
under reverse bias.
A larger intrinsic area will result in higher electron-hole pair generation [72].PIN
photodiodes have high quantum efficiencies exceeding 90% and fast responsivity ∼ 1
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under reverse bias. APDs are PIN-type detectors that undergo an avalanche multiplication. In a recent experiment, non-avalanche PIN detectors successfully detected the
charge of heavy ions with energy 7−19 J per atom[73]. Here, it performed as well as the
SPAD. Both were fabricated with a thick epitaxy layer which aided in high efficiency,
fast charge collection, and high current pulses. We aim to complete the preliminary
research to show that PIN detectors are also suitable for single-photon correlation measurements. As discussed in previous chapters, one goal of this work is replicating the
correlation measurement with on-chip detectors.

3.3.1

Application to Integrated Photonics

Photonic integrated circuits (PIC) use photons to perform on-chip processes instead of
electrons. These are particularly useful in analog information transporting and processing commonly used in fiber-optic communication [74]. On-chip platforms have successfully demonstrated two photons quantum interference with 94.8±0.5% visibility [75] on
a silicon-silicon waveguide. Single-photon generation is usually achieved through four
wave mixing (FWM). Mid-IR detections at 1800 nm wavelength were demonstrated
with PIN Germanium on Silica photodetectors resulting in 0.292 A/W responsivity
[76].
For future work, we aim to replicate the PIN correlation detection with Ge-Si photodetectors from AIM Photonics depicted below. The primary motivation is the identical photodetection method of both off-chip and on-chip detectors. These have Quantum
efficiency> 95%, responsivity ∼ 1 A/W and low dark current.
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Figure 3.2: AIM Photonics PIC. Wave guides are made of Silicon and photo detectors
are made of Germanium. Reported specifications: Quantum efficiency> 95%, responsivity ∼ 1 A/W and low dark current.
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Chapter 4
Experiment
4.1
4.1.1

Experimental setup
Introduction

The overarching goal of this work is to perform a quantum correlation measurement
with classical, non-single photon-counting PIN detectors. Other unconventional detectors have been successful in making correlation measurements. In this experiment,
we generated type I SPDC correlated photon pairs in telecom wavelength. We used
an SNSPD detector along with a TAC to confirm that the source is producing single
photons. SNSPD also gave us an accurate photon-pair rate and helped with general
alignment.
Then we replaced the SNSPD and TAC with InGaAs photodetectors and a highresolution oscilloscope. To compute time correlations, we used a Fast Fourier Transform
(FFT) convolution algorithm. The main idea here is to take as many samples to produce
an statistical average, and generate a cross-correlation graph. A discernible peak above
the noise floor can be an indication of pair correlations.
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4.1.2

Experiment Details

We produced Type I (figure 4.1) 1550 nm photon pairs with a Bismuth Borate (BiBO)
crystal. The source of pump photons was an M-Squared Ti: Sapphire laser. Pump
photons were coupled into single-mode (775HP) fibers. A quarter-wave plate and two
half-wave plates were placed before the input. The wave plates allow extra polarization
control. Half wave-plates rotate the polarization of the photons by 450 degrees while
quarter-wave plates rotate by 900 degrees.
The pump photon beam was tightly focused down to the crystal with two Thorlabs
EO4 broadband dielectric mirrors (750-1100)nm and an aspheric lens. The 1550nm
pairs were then directed to a coupling output with the help of another lens and Thorlabs
EO4 mirrors (1280-1600)nm. The 1550 nm pairs were then coupled to 1550HP fibers.
A 1550 bandpass filter was used to transmit downconverted light into another series
of polarization control paddles. Finally, they were steered to a 50-50 beam splitter
and ready for coupling to desired detectors. The beam splitter outputs were then
connected to the Photon spot Cryospot 4 SNSPD. The Picoquant Picoharp 300 TCSPC
system measured the desired time correlations. A schematic of the experimental setup
is provided below.
Several InGaAs PIN photodetectors were tested for the second part of the experiment to replace the SNSPD and PicoHarp. A few of these options were a Thorlabs
PM101 InGaAs photodiode with USB built-in analog method, and a Thorlabs InGaAs
amplified free-space photodetectors. These are all operational in the 800-1700nm wavelength range.
The PM101 built-in sampling system only took 1 sample 0.01s. Since SNSPD pairrate showed ∼2 ns time resolution, PM101 was not adequate. So we chose two InGaAs
amplified detectors and the Agilent Infinium 54388 1 GHz oscilloscope. This device had
a sampling rate of 2e9 samples/sec resulting in 0.5 ns resolution, which was ideal.
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Figure 4.1: SPDC Setup- Schematic.775nm laser was directed to λ2 , λ4 wave-plates and
send to BiBO crystal (NLC) through 775HP fiber. The 1550 nm signal and idler was
coupled into 1550HP fiber.A 1550 nm filter was used to filter light and directed to a
Beam Splitter.
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Figure 4.2: SPDC Set-up

Figure 4.3: Components of the setup: Thorlabs polarization control paddles, Beam
Splitter and 1550 nm Bandpass filter
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4.2

Phase-Matching

The downconverted photons (1550nm) were not visible to the naked eye. We needed
a way to orient the crystal angle and achieve phase matching. The solution was to
generate a second harmonic generation (SHG) visible to a CCD camera. SHG is a
reverse/upconverted process of SPDC where it takes in an input beam and creates two
output beams with double the frequency. These are known as the fundamental and
second harmonic beams. This process is primarily dependent on phase matching. So
with SHG we can confirm phase matching.
We built an imaging system using a 1550nm diode laser, optical amplifier, mirror,
lens, filter, and Pixelfly CCD camera with 62% QE with exposure times 1µs to 1
minute. Although the crystal’s half-opening angle was fabricated to be 0±2 degrees for
collinear phase matching, it was important to confirm it through SHG.
We imaged the crystal onto the CCD camera and used a 1550nm diode laser to feed
the light from the back of the setup onto the crystal. We were then able to observe
the SHG beam (figure 4.3) at 100ms exposure time. This also assisted in aligning
the optical path of the free space setup.The SHG beam incident on the CCD camera
is shown in figure 4.4. When phase matching was achieved, we were ready to make
measurements with our desired detectors. The downconverted single photons were sent
to a 50-50 beam splitter and was directed to the two detectors.
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Figure 4.4: SHG Schematic. A 1550nm laser beam was focused to the BiBO crystal.
Resulting SHG beam was reflected to CCD camera with a 775nm filter.

Figure 4.5: SHG Setup with CCD camera. 1550nm light was send to the BiBo Cystal.
SHG beam was directed through the imaging system (mirror and lens) to the Pixelfly
CCD camera with Thorlabs 780 ± 2 Bandpass filter
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Figure 4.6: SHG beam at 100ms exposure time with 775 filer on. Helps to confirm
phase matching in the up conversion process
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Chapter 5
Measurements and Methods
5.1

Introduction

This section will discuss the methods required for correlation measurement. First,
a short introduction to beam splitter statistics is needed. A beam splitter lets us
send single photons in different paths to make two-photon interference. We will use
this method to characterize our photon source by making a coincidence measurement
through conducting a coincidence-to-accident ratio (CAR) with the SNSPD. Then these
two outputs will be used to make the correlation measurement with a high resolution
oscilloscope.

5.1.1

Photon Statistics with a Beam Splitter(BS)

In an ideal lossless beam splitter, 50% of the incident wave is reflected and 50% transmitted. Classically, under conservation laws, it would be correct to state that the
incident beam equals the sum of outgoing beams. However, a single photon cannot be
detected at two places. Instead, a single photon has a 50 − 50% probability of either
being reflected or transmitted, as shown below in figure 5.1. If two detectors were to be
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Figure 5.1: Photon Statistics at 50 − 50 Beam Splitter
placed at the output paths of the BS, then we can record events where both detectors
click, commonly known as a coincidence. In the case of two photons;
1. The probability of both photons being reflected and reaching the same detector:
no coincidence.
2. Both photons are transmitted and reach the same detector: no coincidence.
3. The first photon is reflected, and the second is transmitted, or vice versa and each
reaches different detectors: coincidence 50%
4. The first photon reaches detector one and the second one detector two: 25% for
each case.
So if two identical photons are created at the same time, with the same polarization,
traveling at the same velocity, and reaches a beam splitter at the same time, there is a
50% probability of detecting a coincidence at the two outputs of the beam splitter.

5.1.2

Coincidence measurement with SNSPD

Photon cryospot 4 consists of NbN nanowire detectors with> 85% detection efficiency, <
100Hz dark counts, 30−40ps jitter, and 50ns dead time at 1550±50nm . The detectors
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were biased at 10 − 12µ A and accepts single-mode fiber-coupled input fields. The
PicoHarp 300 can acquire 10 million counts per second (Mcps) with a time resolution
of 4ps. The built-in software also provides a real-time TCSPC histogram. Once phase

Figure 5.2: PhotonSpot 4 (left) [1] & PicoHarp 300 (right) [2]
matching was confirmed, we were able to see the coincidence histogram. We used the
histogram as a “power meter” to improve coupling by adjusting mirrors and polarization.
Since not all photons impingement on detectors are correlated photons, a Coincidenceto-Accidence Ratio (CAR) needed to be measured.

5.1.3

Coincidence-to-Accidence Ratio (CAR)

CAR is the ratio between average accidentals to coincidences. This is a type of signal
to noise ratio for single-photon measurements.It is measured as a function of incident
optical power on the crystal, ranging from 0mW to 100mW. Data from Picoharp was
exported as ASCII into Microsoft Excel. Data rows were scanned to record where
photon number values were beginning to pile up. These rows were our "coincidence
window " and accidentals were the sum of all the row values outside of this window.
Since this experiment was low noise and an average of accidentals was appropriate.

CAR =

number of true coincidences
average accidentals
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The CAR ratio was measured to be 24873 at 15.5 mW pump power shown in figure
5.3. The CAR should be square of the pump power due to the nonlinear relationship
between pair generation rate and pump power [35] as in figure 5.4.
With typical alignment, the total number of single photons is approximately 1 − 3 ×
104 in each detector. The number of coincident photons varied between 1000 − 2000
counts per second (cps) at 4ps resolution per 100 mW. A coincidence histogram from
Picoharp 300 is shown in figure 5.5. In this particular measurement two detectors
received 2.00 × 104 and 2.07 × 104 single counts at 100 mW incident power. The
maximum photon-pairs were 1.81 × 103 pairs/sec. Total coincidence window was 1.610
ns.
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Figure 5.3: Coincidence to Accidental Ratio (CAR), ranging from 0 mW to 140 mW.
Maximum CAR is 24873 at 15.5mW

Figure 5.4: Coincidence Counts as function of Power (mW) from 0 mW to 140 mW
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Figure 5.5: Coincidence Histogram- PicoHarp at 100 mW incident pump power. Single
counts on the detectors were 2.00 × 104 cps and 2.07 × 104 cps. The total coincidences
were 1.81 × 103 cps at ∼ 1 ns window
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5.1.4

Cross-Correlation measurements with PIN detectors

The proposed method to compute correlations between the detector signals is the crosscorrelation measurement. This operation allows us to measure the similarities of two
signals, expressed below in equation 5.1.1.
1. Cross-correlation
The x(t) and y(t) are two signals and Cor(τ ) is signal delay. The symbol ∗ is the
correlation operation.
+∞

Z

x(t) ∗ y(t − τ )dτ

Cor(τ ) =

(5.1.1)

+∞

2. Convolution Theorem
Similar to cross-correlation, convolution is also used to find similarities between
two signals. Given two functions x(t) and y(t) a convolution CC(τ ) is described
as
Z

+∞

x(t) ⊗ y(t − τ )dτ

CC(τ ) =

(5.1.2)

−∞

The symbol ⊗ is the convolution operation.
By taking an inverse of one signal of the convolution operation, we can recreated the
cross- correlation signal shown in
Z

+∞

Cor(τ ) = x(t) ∗ y(t) =

x(τ )y(τ − t)dτ = x(t) ⊗ y(−t)

(5.1.3)

−∞

We computed our cross-correlation values by shifting one signal left or right with
the second signal. This computed all cross-correlation values for each shift. A peak of
the CC(τ ) plot indicate similarity between the two signals. A maximum peak identifies
maximum similarity. Since the sample rate was set to 2 × 109 samples/sec and 1 × 106
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samples per data set, we needed to minimise the execution time. The solution was to
introduce a Fast Fourier Transform (FFT) convolution method.

5.1.5

Fast Fourier Transform (FFT)

Mathematical description of convolution is described below for two functions, f (t) and
g(t):
1. F transforms two time domain functions into frequency domain

f (t) ⇒ F ⇒ f (f )

(5.1.4)

g(t) ⇒ F ⇒ g(f )

(5.1.5)

2. Fourier transform of the convolution is product of two Fourier transforms

f ∗ g = f (f ) × g(f )

(5.1.6)

3. Multiplying one Fourier transform by the complex conjugate of Fourier transform
of the other function leads to Fourier transform of correlation

Cor(f ) = f (f )g ∗ (f )

(5.1.7)

4. Inverse of Fourier transform of correlation lets us transfer from frequency domain
to time domain
Cor(t) = Cor(f )−1 (f ) = Cor(τ )

(5.1.8)

Since we do not have an advanced measurement method like the PicoHarp, the time
required to take enough samples will be longer and will depend on time resolution of
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the device. Given the sample rate and size is projected to large, FFT can minimize
computation time.

5.1.6

Correlation Measurement with an Oscilloscope

This experiment aims to develop an alternative correlation method using classical nonsingle photon-counting detectors with a statistical post-processing method similar to
the imaging method. There were approximately 1600-2000 coincidences per second per
one SNSPD measurement. The coincidence window was ∼ 1 ns. So it was imperative
to use a device that allows similar time-resolution and able to take a large number
of sample. We accomplished this by using an oscilloscope with a sampling rate of
2GHz, with a maximum of 1 × 106 points. This guaranteed us 2ns resolution. Previous
experiments have utilized oscilloscopes to detect two-photon correlation in visible range
[77].The PIN detectors used were the Thorlabs amplified InGaAs photodetectors. These
have built-in low noise transimpedance amplifiers [78] with 1.35A/W responsivity at
1550nm, and short rise times at 1 − 2ns [78]. The transimpedance gain is 5 × 103 V /A
if 50ω impedance is provided at the output.
1. Oscilloscope Settings
(a) The sampling rate was set to a maximum 2Gs/sec with 1GHz resolution.
Since the coincidence time window from PicoHarp is 10ns, and the coincidence window is ∼ 2ns, we needed to match the same conditions with the
oscilloscope.
(b) The number of samples per data set: the maximum sample size is 1.025×106
points per data set. We selected 1× 106 points to ease the post-processing.
(c) The oscilloscope recorded wave-forms with no averaging, and each channel
and input probes were impedance matched at 50Ω.
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2. PIN Detector Characteristics
(a) Quantum Efficiency (η)
Ratio of number of electrons created with respect number of photons incident
on detector
QE =

Electrons collected
Photons absorbed

(b) Responsivity (R)
Ratio of photocurrent(I) to incident optical power (P).

R=

I
A
=
P
W

(c) Noise equivalent power (NEP)
Power needed to produce an signal measured in Watts (W)
The PDA-10CF detectors have Bandwidth of 8.5 MHz and NEP of 0.12 √pW
. Dark
Hz
current is ±20 mV and rise time is 2.3 ns. With 50 Ω load, the transimpedance
gain is 1 × 103 V/A.
3. Preparing Oscilloscope for data taking
(a) After confirming coincidence histograms from PicoHarp, the output fibers
were unplugged from the SNSPD and connected to the two detectors.
(b) Oscilloscope was set to take data containing 1 million points per data set
with 2 × 109 samples/sec.
(c) We used GPIB commands to automate the oscilloscope
(d) Waveform data from was digitally transferred to a computer to conduct
analysis using a Python code.
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Figure 5.6: Agilent Oscilloscope and PIN detectors. Fiber outputs from BS were directly connected to the PDA-10 CF PIN detectors. Two 50Ω BNC cables were used to
connect the two detectors to Agilent 54388D series oscilloscope
4. Parameters for Data processing and visualization.
The selected time window of SNSPD (figure 5.5) was 10ns. The coincidence
window was 1-2 ns. We used this information to set parameters for data processing
and visualization for the PIN part of the experiment.
(a) General Time-Window Settings
i. Sampling rate (R)
R = 2 × 109

samples
sec

ii. Number of samples per dataset (N)

N = 1 × 106

samples
dataset

iii. Time resolution of one dataset (Ts )

Ts =
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iv. Time covered by one dataset (Td )

Td = N × Ts

seconds
dataset

v. Number of datasets = Nd
vi. Number of data-slices = Nslice
vii. Time per data-slice (Tslice )

Tslice =

Td
seconds
Nslice

(b) Selected time-window settings for the experiment
i. Td

=

1 × 106 samples seconds
Td
−3 seconds
=
=
0.5
×
10
Nslice
2 × 109 dataset samples
dataset

ii. For Td = 25 ns
0.5 × 10−3 seconds 1
= 20000 slices
25
dataset ns
(c) According to above parameters, our ideal coincidence window was 25 ns.
The goal here is to select a similar time window as the SNSPD graph. With
2ns resolution of the oscilloscope, we expected that a correlation peak might
appear in 0-25ns window.
(d) A total of 5000 datasets were acquired in one data run. All consecutive
datasets were added and averaged to produce correlation graph.
5. Data Processing
Python code computed correlation values for among 1 × 106 samples in two waveChapter 5. Measurements and Methods
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forms. The code computed all the cross-correlation values for 5000 samples and
kept a running average.

5.1.7

Hunt for the Correlation Peak

Referring to the beam splitter statistics in Chapter 5, we can predict arrival time of
our single photons. A few important conditions to note are; beam splitter is ideally 5050, polarization control paddles did not introduce any phase shits, and photons travel
similar distances to the detectors. Therefore, we can expect the correlation peak near
τ = 0. The 25 ns time window is adequate for PIN detectors with the high resolution
oscilloscope. To distinguish the correlation peak from noise, we can compare samples
during laser on and off. Furthermore we can shift the correlation peak by lengthening
one of the optical paths with a fiber.
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Chapter 6
Results & Discussion
6.1

Introduction

This section includes the details of correlation measurement. First, we will discuss
the time constraints of taking one sample of data. Second is the number of samples
required to observe a defined correlation peak. This allows us to set the minimum
required samples to form a discernible peak. The third is the suggested next steps to
confirm the correlation peak. These steps involve adding more samples, shifting the
peak, and making a laser-off sample.

6.1.1

Time constraints of the data recording

Given the high sampling rate of the oscilloscope, total time for one data set at 1 × 106
points was ∼ 10.1 seconds. This includes the time for the python program to calculate
cross-correlation values. For one data set, 5000 samples were taken. We first used
the SNSPD to confirm pair rates and to realign the optical setup. Since SPDC is a
spontaneous process, the photon pairs changed daily shown in table 6.1. However, on
average, there were about 1.3 × 103 − 1.8 × 103 pairs.
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1. Time to take 5000 samples:

= Number of samples per dataset × Time resolution per dataset
= N × Ts
= 5000 samples × 5.0 × 10−10

seconds
sample

= 2.5 hours

2. Total time

= Number of datasets × Time per one data set
= 5000 samples × 10.1 sec
= 14.0277 hours

6.2

Correlation measurements with 5000 samples

The oscilloscope was automated to take 5000 samples of data. Python code computed
all the cross-correlation values and kept a running average. The correlation graphs five
data sets are shown in figure 6.1.
Data Run (Day)
November 16
November 17
November 20
November 25
November 26

Single Counts: Detector 1
1.35 × 104
1.55 × 104
1.41 × 104
1.67 × 104
1.83 × 104

Single Counts: Detector 2
1.38 × 104
1.59 × 104
1.35 × 104
1.72 × 104
1.91 × 104

Coincidence Counts
1.33 × 103
1.48 × 104
1.22 × 103
1.65 × 103
1.86 × 104

Table 6.1: Single photon and coincidence counts from SNSPD in five data runs pumped
with 95-105 mW power. Single counts and coincidences changed daily. On average single
counts were 1.3 × 104 − 1.8 × 104 and coincidences were 1.0 × 103 -1.6 × 104
The average number of photons expected per sample is approximated from the
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Figure 6.1: PIN Correlation graphs plotted in the same graph. One run is 5000 datasets
with each a containing 1.00 × 106 samples. Data was taken over five days with ±100
mW pump power
SNSPD data. Given one sample containing 1300 − 1800 photons per sample, for 5000
samples,
1. 1300 − 1800 = 6.5 × 106 − 9 × 106 photons/sec
It was difficult to identify a correlation peak with only 5000 samples. According to
figure 6.1, the correlation graphs didn’t show any distinguishable peaks. To improve
our chances, we decided to take more samples and average them.
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6.2.1

Average Correlations with more samples

In Chapter 5, we expected the correlation peak to appear around τ = 0. There was no
significant peak at 5000 and 10000 samples shown in figure 6.2. When the sample size
was increased to 15000, 20000 and more, a correlation peak appeared around τ = 0.
Since both of the optical paths were nearly identical this result was promising. The
peak stayed constant for more samples. Figure 6.3 shows a correlation peak at 25000
samples.
The expected photon pairs in 25000 sample set is,

1300 − 1800 = 3.2 × 107 − 4.5 × 107 photons/sec

The peak was at between τ = −0.132 − 1.416 ns with peak correlation value at τ = 0.50
ns.
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Figure 6.2: PIN Correlation graphs with increasing samples. First set was 10000 samples, second 15000 samples and third 20000 samples. All were pumped with 95-10 mw
power
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Figure 6.3: Sum of five PIN Correlation graph. Total samples were 25000. A correlation
peak is starting to form between τ = −0.132 − 1.416 ns with peak correlation value at
τ = 0.50 ns.
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6.3

Discussion

There is a notable peak in the cross-correlation graph with 25000 samples. This peak
developed with a minimum of 15000 samples. Here, we can infer that for the PIN
detectors, the minimum number of photons required is around 1.95 × 107 − 2.7 × 107 ,
and the minimum number of samples required is at least 10000. It may well be that
we have not reached the number of photons or samples required to see a more defined
peak well above the noise floor. The main obstacle here is the time required to take
5000 samples, which is currently 14 hours—nevertheless, the next step is continuously
adding more samples to build up the correlation peak.
There are two ways to test if the current peak is a result of photon pairs. One is taking
the same number of samples with the laser turned off. Again the main obstacle here is
the time required to take enough samples. We would ideally need 70 hours of laser-off
data to compare. However, we can also take fewer samples and sum them to produce
5000 sample data set.
The second method to test the correlation peak is shifting the signal. We can accomplish
this by adding 1550HP fiber to one optical path. For example, if the fiber was 2m long,
we can expect the peak to shift away from the origin. We can do a simple calculation to
estimate this shift below. Here C is the Speed of light in

m
,
s

d is the distance traveled

in meters (m) and t is the time.

T ime =

Distance
2
m
=
= .672 × 10−9 s = 6.672 ns
8
C
2.99 × 10 m/s

(6.3.1)

Again this measurement will require at least 15000 samples. Ideally the correlation
peak would shift from τ = o ± 1 ns to τ = 6.00 ± 1. This will let us confirm that the
current correlation peak is indeed due to single-photon pairs. We can also calculate the
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voltage produced by the photons incident on the detectors. For one photon, this is

E=

hc
λ

where h is Planck’s constant = 6.626 × 10−34 Js (Joule×seconds),C is speed of light and
λ is the wavelength (1550 nm).

E=

6.626 × 10−34 Js × 2.99 × 108 ms
= 1.282 × 10−19 W s
−6
1.55 × 10 m

The transimpedance gain of the detector is G = 5 × 103 V /A and responsivity is R =
1.35A/W . So the voltage produced by one photon is,

V = E × R × G = 1.282 × 10−19 W × 1.35A/W × 5 × 103 V /A = 8.64 × 10−16 V

With this information we can ask whether one photon is able to raise the signal above
the noise floor enough to make a detection. To answer this question, we can improve
the sensitivity of the system by either using a faster signal acquisition system (DAQ)
or using an amplifier. This will improve our chances of differentiating the correlation
signal from noise.

6.4

Summary

In this work, we generated a correlation measurement for classical, non-single photoncounting PIN photodetectors. Due to the long data-taking process, it is difficult to
confirm that the produced peak is due to single photons pairs. However, the methods
proposed above can help us improving the experimental parameters. There is a strong
evidence for needing better signal acquisition system. Amplification of the signal is
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also important. With regard to correlation peak, more data is needed. But we can
try shifting the signal and taking a laser off measurement to gain more information.
Once that is accomplished, we aim to replace the classical PIN detectors with OnChip detectors. This measurement will show that classical detectors are also capable
of performing a quantum correlation measurement.
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